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Zusammenfassung 
Für mehrere in der Forschung verwendete Pflanzenmodelle wurden ausgedehnte Ökotypsammlungen 
angelegt und diese verwendet um die genetischen Ursachen für phänotypische Unterschiede zu 
entschlüsseln und um die Anpassung und die Akklimatisierung der Ökotypen zu untersuchen. Auch für 
das Moos Physcomitrella patens sind Sammlungen aus geographisch getrennten Vorkommen 
vorhanden die für phylogenetische und taxonomische Studien verwendet wurden. Von diesen 
Pflanzen wurden aber nur wenige auf phänotypische Unterschiede untersucht oder genauer 
charakterisiert. Meine Doktorabeit beschäftigt sich mit Physcomitrella patens aus dem Fundort Reute 
bei Freiburg im Breisgau. Meine Arbeit zeigt, dass der am gängigsten verwendete Stamm aus Gransden 
Wood, Großbritannien signifikant weniger Sporophyten produziert als die Stämme aus Reute oder 
Villersexel, Frankreich obwohl sich die Gametangien bei allen drei Stämmen gleich schnell entwickeln 
und keine direkt sichtbaren phänotypischen Unterschiede aufweisen. Die Expressionsdaten aus 
verschiedenen Stadien der Sporophytenentwicklung im Stamm Reute und vergleichend dazu aus dem 
Stamm Gransden zeigen Unterschiede im Expressionsprofil mehrerer Gene und somit eine mögliche 
Ursache für die Unterschiede in der Sporophytenanzahl. Zur weiteren Charakterisierung der Stämme 
habe ich die genetischen Unterschiede mittels Genomsequenzierungen bestimmt und finde mehrere 
Genomabschnitte, die eine erhöhte Anzahl an Einzelnukleotidaustauschen aufweisen. Basierend auf 
meinen Ergebnissen empfehle ich Physcomitrella patens Reute als Ökotypen zu betrachten welcher 
sich besonders für Experimente zur Fortpflanzung und zum Generationenwechsel eignet. 
Des Weiteren verwende ich Reute in molekularbiologischen Experimenten indem ich mittels 
Protoplastentransformation fluoreszente Proteine einbringe um den Effekt der Codonverwendung zu 
bestimmen und einen aktiven endogenen Promotor zu finden. Der in Pflanzen häufig verwendete 35S-
Promotor zeigt in P. patens nur eine mittlere Aktivität und ist nicht konstitutiv exprimiert. Basierend 
auf Microarray Daten von Gransden und Reute habe ich den Promotor des LHCSR Gens ausgewählt, 
welches unter den meisten Versuchsbedingungen eine starke Expression aufweist. Um die 
Expressionsstärke zu bestimmen habe ich eine Fluoreszenz-Messmethode entwickelt, welche über 
einen Mikroplatten-Reader und ein zweites Fluoreszenzprotein zur Normalisierung der Messwerte, die 
Fluoreszenzintensität bestimmt. Der LHCSR Promotor zeigt in meinen Versuchen eine stärkere 
Expression als der zweifache 35S und der Actin Promotor und eine verkürzte Variante des Promotors 
zeigt ebenfalls die volle Promotoraktivität. Ich nutze ebenfalls den Effekt der Codonverwendung in P. 
patens auf die Expressionsstärke und stelle ein codonoptimiertes GFP zur Verfügung. 
Zusammenfassend charakterisieren meine Ergebnisse den P. patens Ökotypen aus Reute und zeigen, 
dass er ein hilfreiches Werkzeug für reverse genetische Studien ist.  
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3 Abstract 
Ecotype collections are used for several plant models to unravel the molecular causes of phenotypic 
differences and to investigate effects of environmental adaptation and acclimation. For the model 
moss Physcomitrella patens, collections of accessions are available and have been used e.g. for 
phylogenetic and taxonomic studies, but few were investigated further for phenotypic differences. My 
thesis focuses on the accession found in Reute close to Freiburg im Breisgau, Germany. My publication 
shows that the standard laboratory strain Gransden produces fewer sporophytes than Reute or 
Villersexel K3, although gametangia develop in the same time course and do not show evident 
morphological differences. My work provides expression profiling and comparative developmental 
data for several stages of sporophyte development, as well as information on genetic variation from 
genomic sequencing. There is variation in the expression profiles of several genes between Gransden 
and Reute, as well as genome segments that are variation hotspots. With my work I propose that Reute 
is considered a P. patens ecotype and suggest its use for investigations that involve progression 
through the life cycle and generational succession. 
In my experiments I used the P. patens ecotype from Reute in molecular biology experiments 
introducing fluorescent proteins via chemical protoplast transformation to study codon usage bias and 
select a strong endogenous promoter. The 35S promoter, which is commonly used in plant systems, is 
only suitable to a limited extent in Physcomitrella patens due to mediocre and non-constitutive 
activity. Based on a broad range of Gransden and Reute microarray experiments we selected an LHCS 
gene that is highly expressed in most tissues and treatments. To measure expression strength I 
developed a novel fluorescence readout system, utilizing a microplate reader and an internal 
fluorescence control for normalization. The results from my publications demonstrate that the 
selected promoter is more active than the double 35S and Actin promoters. Deletion constructs were 
generated to develop a shorter promoter that retains the high activity of the full-length promoter. In 
parallel, codon bias within P. patens was analysed and demonstrated that the use of several codons is 
biased and correlates with expression strength. Two GFP variants were synthesized with different sets 
of codons and compared, showing that optimized codon usage increases the amount of protein under 
the control of strong promoters.  
In summary the findings from my publications characterize the P. patens ecotype from Reute and 
demonstrate that it will be an useful tool in reverse genetic studies. 
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4 Introduction 
4.1 Physcomitrella patens 
The moss Physcomitrella patens belongs to the family of Funariaceae and over the years has been 
developed as a model plant for evolutionary and developmental research (Jill Harrison, 2017, Rensing, 
2017). P. patens has for some years been the only fully sequenced moss (Rensing et al., 2008) thereby 
bridging the sequence information gap between the green algal model Chlamydomonas reinhardtii 
(Merchant et al., 2007) and the seed plant model Arabidopsis thaliana (Arabidopsis Genome, 2000). It 
has fewer tissue types than seed plants and can be easily cultivated under axenic conditions (Beike et 
al., 2010). The moss can regenerate into a whole plant from single cells, which is useful in the 
generation of transgenic lines via polyethylene glycol mediated protoplast transformation (Schaefer et 
al., 1991, Cove et al., 2009). In seed plants a targeted knock-out or insertion of genes has only recently 
been possible in a reliable way using the CRISPR/Cas system (Feng et al., 2013, Li et al., 2013, Nekrasov 
et al., 2013, Shan et al., 2013, Xie and Yang, 2013) which has also been shown to be efficient in P. 
patens (Lopez-Obando et al., 2016). In contrast the high efficiency of homologous recombination in 
the multicellular eukaryote P. patens has allowed targeted genome modifications early in its research 
use (Schaefer and Zryd, 1997). 
Figure 1 shows a schematic life cycle of P. patens. The dominant phase in the life cycle of the moss P. 
patens is the gametophytic phase. The haploid spore germinates and gives rise to protonema 
filaments. The protonema filaments consist of caulonema and chloronema cells. The chloronema cells 
contain many chloroplasts and show perpendicular cell walls whereas the caulonema cells show few 
chloroplasts and oblique cell walls. From the caulonema cells buds arise that will form into 
gametophores building a stem and phyllids. In cold conditions with low light intensities these 
gametophores will develop gametangia (Engel, 1968, Hohe et al., 2002). The spermatozoids from the 
male antheridia will fertilize the female archegonia. The diploid sporophyte consisting of a seta and 
the spore capsule is formed and produces the haploid spores (Strotbek et al., 2013). The development 
of the sporophyte can be divided into distinct stages which have been investigated in detail for the 
Gransden ecotype (Ortiz-Ramirez et al., 2016). 
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Figure 1 The Physcomitrella patens life cycle. Germination of haploid spores yields the juvenile gametophytic generation, 
the protonema. Protonema grows two-dimensional by apical (tip) growth and side branching. Protonemata consist of 
chloroplast-rich chloronema cells, and longer, thinner caulonema cells featuring less chloroplasts and oblique cross walls. 
Three-faced buds featuring single apical stem cells emerge from side branches (Harrison et al., 2009) to form the adult 
gametophytic phase, the leafy gametophores. Gametophores comprise basal, multicellular rhizoids for nutrient supply, as 
well as non-vascular leaves (phyllids). Gametangia (female archegonia and male antheridia) develop on the gametophores. 
Upon fertilization of the egg cell by motile spermatozoids the diploid zygote forms and subsequently performs 
embryogenesis. Spore mother cells in the diploid sporophyte undergo meiosis to form spores. 
 
4.2 Ecotypes 
Ecotypes are genetically distinct geographical populations within a species, which are adapted to 
specific environmental conditions. In plant research ecotypes are studied e.g. to find and select traits 
that are beneficial for plant growth or harvest yields but also to elucidate the population distribution 
and progression of population development (Cao et al., 2011). Several P. patens ecotypes have been 
described (von Stackelberg et al., 2006) but only few have been sequenced or used for the generation 
of mutant lines. The commonly used strain was collected in Gransden Wood, UK (Engel, 1968) and the 
genomic sequence of this ecotype was published in 2008 (Rensing et al., 2008). The ecotype collected 
near Villersexel, France (Villersexel K3) was used to generate a genetic linkage map (Kamisugi et al., 
2008) and stable mutant lines expressing GFP and mCherry (Gd-green and Vx-red; (Perroud et al., 
2011)). The ecotype from Kaskaskia Island, US has been sequenced in the frame of a cooperation 
between Monsanto and the Washington University in St. Louis. Gransden, Villersexel K3 and Kaskaskia 
can be crossed with each other, with the Gransden laboratory ecotype showing a low male fertility 
(Perroud et al., 2011). The ecotype collected near Freiburg-Reute, Germany has been used for 
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generation of stable mutant lines expressing a GFP-tagged autophagy marker PpATG8 (Sanchez-Vera 
et al., 2017). 
4.3 Microarray analysis 
DNA microarrays are a hybridisation-based method and enable genome-wide analysis of genetic 
variation and transcriptome-wide analysis of gene expression (Aharoni and Vorst, 2002). The 
technology compares e.g. gene expression strength between two or more samples. Different type of 
DNA microarrays are available based on the production method. Initially amplified cDNAs, expressed 
sequence tags (ESTs) or synthesised nucleic acids were spotted on paper as dot blots or reverse dot 
blots (Kafatos et al., 1979, Saiki et al., 1989) and later on microarray glass surfaces. Technical 
development and the availability of transcriptome sequencing information allowed the in-situ 
synthesis of DNA directly on the glass surfaces (Fodor et al., 1991, Blanchard and Hood, 1996). 
The microarray technology has been described in detail before (Aharoni and Vorst, 2002) and a short 
summary is given here. Each gene model is represented on the microarray by several short single 
strand sequences called probes that were selected to uniquely represent the gene model as probe set. 
Each short sequence is synthesised in one spot with a high copy number and the different spots of one 
probe set are distributed across the complete microarray. The RNA is extracted from the organism or 
tissue of interest and transcribed into cDNA. This cDNA is either directly amplified or transcribed into 
RNA and amplified into cRNA. The resulting cDNA or cRNA molecules are fragmented and labelled with 
a dye. These labelled fragments are hybridized to the microarray. Complementary sequences will bind 
to the probes on the microarray surface. Non-specifically bound sequences are washed of and a picture 
of the microarray surface is taken under light conditions that excite the used dye. The signal intensity 
of the microarray spots correlates with the number of transcripts in the sample and thereby with the 
expression strength of the corresponding gene.  
This technology is used to compare the relative expression between different tissues or treatments 
since absolute expression levels can only be estimated up to a certain degree (Engelen et al., 2006). 
The first spotted DNA microarray study in plant research focused on A. thaliana and compared mRNA 
samples from wild type and a transgenic line (Schena et al., 1995). Commercially available microarrays 
cover several plant species like A. thaliana, O. sativa, Z. mays or M. truncatula (Galbraith, 2006). Till 
recently custom-made P. patens microarrays from Agilent, CombiMatrix and NimbleGen were 
commercially available which are based on sequence data from the Gransden ecotype. These arrays 
have been used in several studies (see Table 1) to investigate e.g. stress response (Cuming et al., 2007), 
developmental stages (Wolf et al., 2010, Busch et al., 2013, O'Donoghue et al., 2013, Hiss et al., 2014, 
Beike et al., 2015, Ortiz-Ramirez et al., 2016) or expression patterns of different mutant lines (Komatsu 
et al., 2013, Yaari et al., 2015). 
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4.4 DNA sequencing and SNP analysis 
The custom-made P. patens microarrays are no longer available and whole transcriptome gene 
expression analysis switched to using sequencing technology. Many current sequencing technologies 
focus on short DNA fragments and assemble them afterwards in silico to retrieve the complete 
sequence information. The different technologies have been summarized before (Metzker, 2010) and 
the Illumina sequencing technology is described here in more detail. With the Illumina sequencing 
technology the DNA is fragmented to sizes between 50 bp and 150 bp, adapters are added and the 
fragments are bound to complementary adapters on a glass surface. The fragments are amplified on 
the glass surface and form spots, with each spot containing only one sequence in a high copy number. 
After this preparation the DNA synthesis is started. A modified DNA polymerase incorporates one 
modified and labelled nucleotide into the complementary strand and is stopped by the blocked ends 
of the modified nucleotide. A picture is taken after each nucleotide incorporation and based on the 
colour of the spot the nucleotide identity can be determined. The modified nucleotide is chemically 
unblocked and the next nucleotide can be incorporated. After image analysis and sequence 
determination the short sequences are either assembled into longer fragments or mapped to an 
existing genome or transcriptome sequence. To detect single nucleotide variations (SNPs) for each 
position in a genome, the number of unique short reads covering the position are compared to the 
reference genome. Based on these counts the genotype can be estimated (Heather and Chain, 2016, 
Shendure et al., 2017). The Illumina technology has been developed by Solexa and has been introduced 
by resequencing the human genome (Bentley et al., 2008). For P. patens research mainly Illumina 
sequencing has been used (see Table 1) which is also the case for the sequencing done on P. patens as 
part of the Gene Atlas project (http://jgi.doe.gov/our-science/science-programs/plant-
genomics/plant-flagship-genomes/) and as part of this thesis. 
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Table 1 List of published microarray and RNA-seq datasets for Physcomitrella patens. Study topic and type of analysis summarize the publication goals; third column lists the source material for 
RNA extraction; technology column names the used microarray or sequencing technology; fifth column lists the gene annotation version used.
 
study topic type of analysis RNA extracted from technology annotation version publication
ABA treatment and water stress pertubation protonema Agilent microarray
3' biased ends 
Physcobase
Cuming et al., 2007
dessication tolerance pertubation protonema Agilent microarray JGI v1.1 Komatsu et al., 2013
sporophyte development development protonema, green sporophyte Agilent microarray JGI v1.1 O'Donoghue
UV light pertubation gametophores Combimatrix microarray cosmoss v1.2 Wolf et al., 2010
phyllid development development detached phyllids Combimatrix microarray cosmoss v1.2 Busch et al., 2013
developmental stages, biotic stress, light 
intensity and quality, water stress, culture 
media
pertubation, 
development
protoplasts, spores, protonema, 
gametophores
Combimatrix microarray cosmoss v1.2 Hiss et al., 2015
cold treatment pertubation gametophores Combimatrix microarray cosmoss v1.2 Beike et al., 2015
transcriptome atlas development
protoplasts, spores, chloronema, 
caulonema, gametophores, rhizoids, 
archegonia,  
Nimblegen microarray cosmoss v1.6 Ortiz-Ramirez et al., 2015
DNA methylation KO mutant mutant analysis protonema Nimblegen microarray cosmoss v1.6 Yaari et al., 2015
heat dependent alternative splicing pertubation protonema Illumina Hiseq 2000 cosmoss v1.6 Chang et al., 2014
light dependent alternative splicing pertubation protonema Illumina Hiseq 2000 cosmoss v1.6 Wu et al., 2014
DEK1 KO mutant mutant analysis protonema / gametophores Illumina Hiseq 2000 cosmoss v1.6 Demko et al., 2014
NAC (VNS7) overexpression mutant mutant analysis protonema Illumina GAIIx cosmoss v1.6 Xu et al., 2014
phyllid development development detached phyllids AB SOLiD System 2.0 JGI v1.1 Nishiyama et al., 2012
phyllid development WOX13 double mutant development detached phyllids AB SOLiD System 2.0 JGI v1.1 Sakakibara et al., 2014
red light response of PUBS HY2 double mutant mutant analysis protonema Illumina GAIIx cosmoss v1.6 Chen et al., 2012
gametophore development development
gametophores, chloronema, 
caulonema
Illumina GAIIx cosmoss v1.6 Xiao et al., 2011
protonema regeneration development protoplasts Illumina GAIIx cosmoss v1.6 Xiao et al., 2012
single cell transcriptomes during shoot development development
protonema tip cells, gametophore 
buds, whole plants
Illumina Hiseq 2000 cosmoss v1.6 Frank et al., 2015
abiotic stress pertubation protonema Illumina Hiseq 2000 cosmoss v1.6 Khraiwesh et al., 2015
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4.5 Transformation 
In eukaryotic cells transformation can be used to introduce sequences of interest into the target 
organism. Targeted insertion into the genome via homologous recombination is only efficient in few 
eukaryotes and was first discovered in yeast (Hinnen et al., 1978). In P. patens a high efficiency for 
targeted insertion by homologous recombination was found (Schaefer et al., 1991). Several methods 
to introduce DNA fragments into eukaryotic cells have been developed and in P. patens the protoplast 
transformation with polyethylene glycol and calcium chloride is the most common used method 
(Schaefer et al., 1991). To generate protoplasts the plant cell wall is digested by fungal enzymes. The 
protoplasts are centrifuged, the enzyme mix is washed away and the cells are kept in an osmotically 
adjusted sugar solution. In the polyethylene glycol transformation protocol the polyethylene glycol 
then perforates the cell membrane of the protoplasts to allow the introduction of the DNA fragments. 
After the transformation, the polyethylene glycol is washed off and the protoplasts can be put on a 
regenerative medium containing glucose to allow them to re-build their cell wall. If an antibiotic 
resistance gene was part of the introduced DNA fragment, the regenerated protoplasts are put on 
selective medium that contains antibiotics to identify positive transformants. Since transient 
transformants may survive the selective medium the survivors of the first round of selection are put 
on medium without selection pressure. The transiently transformed DNA fragments will be removed 
from the cytoplasm as soon as the plant can survive without them. Afterwards the plants are put on 
selective medium again allowing the selection of lines with a stable integration into the genomic 
sequence (Egener et al., 2002, Cove et al., 2009, Liu and Vidali, 2011). 
 
4.6 Fluorescent reporter proteins 
Fluorescent reporter genes are used in different species to localize proteins, show protein interactions 
or measure promoter strength. Since the origin of many reporter genes lies within aquatic animals the 
reporter genes were mutated stepwise in the lab to enable their use in non-aquatic species. The gene 
for the commonly used green fluorescent protein was found and isolated from jellyfish (Chalfie et al., 
1994, Inouye and Tsuji, 1994) and has been mutagenized to select variants with higher fluorescence 
intensities or different excitation and emission wavelength (Heim et al., 1995, Tsien, 2005). This was 
reached by small structural changes to the chromophore-adjacent amino acids but in the case of 
fluorescence intensity also by improving solubility induced by changes in amino acids facing the outer 
surface of the protein as summarized in(Zacharias and Tsien, 2006). For plants a soluble modified GFP 
showed high intensities (Davis and Vierstra, 1998). This GFP variant is used also in P. patens were it 
shows higher fluorescence intensities than the modified GFP (Cho et al., 1999). 
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4.7 Codon usage 
The amino acid sequence of proteins is determined by blocks of three nucleotides (codons) during 
protein synthesis. Since there are more codons than necessary to code for the common amino acids 
some of the amino acids are encoded by several codons (Crick et al., 1961). The usage of these 
redundant codons is not the same between different organisms (Grantham, 1978). This may be caused 
or is reflected in the copy number of the respective tRNA genes (Higgs and Ran, 2008). As a 
consequence of this codon usage bias the expression strength of a gene may differ between organisms 
even if the same nucleotide sequence is expressed. In some cases the organism may even lack the 
necessary tRNA for certain codons and will not be able to express genes that use that specific codon. 
Therefore a codon optimization of gene sequences can increase expression strength if a gene sequence 
from one organism is introduced into another for research or biotechnological purposes (Itakura et al., 
1977). This codon bias can also be observed within the gene set of one organism and is thought as a 
mechanism to regulate gene expression (Sharp et al., 1993). There are several reports of a positive 
correlation between expression strength and usage of certain codons in Caenorhabditis elegans, 
Drosophila melanogaster, and A. thaliana (Duret and Mouchiroud, 1999). Codon usage has been 
calculated for P. patens based on EST data (Stenoien, 2005) and based on the published genome 
sequence (Rensing et al., 2008, Zimmer et al., 2013, Lang et al., 2018). The codon usage bias in P. 
patens seems to be driven by a combination of weak natural selection and the predominant mutational 
biases (Szovenyi et al., 2017). 
 
5 Research objectives 
This thesis aims to introduce the Physcomitrella patens ecotype Reute as a useful addition to the 
commonly used ecotype Gransden and the ecotype Villersexel K3. In my first publication I prepared 
and analysed whole transcriptome microarray data for several developmental stages and 
perturbations on the ecotype Gransden and use the Gransden microarray as well as for samples from 
both ecotypes Reute and Villersexel K3 (Publication 1). The Reute ecotype has been initially described 
but has rarely been used for standard molecular biology methods. In my second publication I 
introduced the ecotype in more detail. This included a description of both morphological, phenological 
and molecular differences between Gransden and Reute (Publication 2). We set up sporophyte 
experiments to confirm and analyse differences in sporophyte development between Gransden and 
Reute that several laboratories observed within the last years. To include gene expression data into 
the analysis of Gransden and Reute differences I prepared whole transcriptome microarrays for several 
Reute tissues with a focus on sporophyte development. Finally I confirmed the genetic difference 
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between the ecotypes by including an analysis of the single nucleotide polymorphisms between the 
three ecotypes Gransden, Reute and Villersexel K3. In a recent publication with my contribution 
(Publication 3) I added the analysis of a fourth ecotype from Kaskaskia Island and we put the SNP 
analyses from all ecotypes into the context of the chromosome scale assembly of the P. patens 
Gransden genome. 
In my third publication I used the P. patens ecotype Reute to test if expression data generated for 
Gransden can be used to support experiments in Reute and if they allow prediction of expression 
strength of genes across ecotypes (Publication 4). This was done by developing and testing a plate 
reader measurement system for promoter-reporter gene constructs in a transient in vivo 
transformation background. This measurement system was used to test a strong endogenous 
promoter for the use in P. patens and investigate if a modified GFP variant that is codon optimized for 
the P. patens codon bias can provide stronger GFP signals. Our experiments also tested if the Reute 
ecotype can be used for molecular biology experiments and can be as easily transformed as Gransden. 
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6 Results and Conclusions 
6.1 Publication 1 
My first publication shows that the microarray platform based on the genomic sequence of the P. 
patens ecotype Gransden can be used to measure expression profiles of the Reute and Villersexel K3 
ecotypes of which I included one triplicate each. This publication also provides extensive microarray 
expression data on a broad range of developmental stages as well as different perturbations for the 
Gransden ecotype. This created the basis for comparisons to the other ecotypes Reute and Villersexel 
K3 but also allows comparisons to other species for which expression profiling data are available. 
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6.2 Publication 2 
With my second publication I show that Reute and Villersexel K3 produce higher numbers of 
sporophytes if compared to Gransden but otherwise do not show phenotypic differences. The 
comparison of the microarray expression profiles between Gransden and Reute provide evidence that 
differences are also visible on the gene expression level. This included several transcription associated 
proteins that are differentially expressed between Gransden and Reute. The microarray expression 
data on sporophyte development of the Reute ecotype also show differentially regulated transcription 
factors and transcription regulators and additionally genes coding for cell wall modifying proteins like 
pectin methylesterase and xylosyltransferase. The expression profiling on sporophytes has recently 
been extended using sequencing technology (Perroud et al., 2018). With this publication I also provide 
genomic sequencing data for the Reute ecotype and compare the SNPs found between the ecotypes. 
We find for Villersexel K3 a SNP density comparable to SNP densities found between Arabidopsis 
thaliana ecotypes with the Reute ecotype showing a much lower SNP density and therefore being 
genetically closer to Gransden. 
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6.3 Publication 3 
In this recent publication I added the Kaskaskia ecotype to the SNP analysis that shows a higher SNP 
density than Reute, but is not as divergent from Gransden as the Villersexel K3 ecotype. For all three 
ecotypes we also investigated the SNPs across the pseudochromosomal genome sequences and could 
find hot spots with higher SNP densities. One of these hot spots is present in all three investigated 
ecotypes and the hot spot region contains genes that are part of the sterol catabolism and genes that 
are annotated as part of the chloroplast light sensing/movement.  
Detailed sequence information of different ecotypes is used e. g. in Arabidopsis thaliana to identify 
how genetic variation contributes to adaptation to diverse environments (Cao et al., 2011). Including 
more accessions into the sequence analysis can help detect regional differences and to predict 
distribution patterns. From our SNP analysis it seems that closer regional proximity cannot be inferred 
from the genotype since the Villersexel K3 ecotype is geographically equally far from Gransden as is 
the Reute accession but shows a much higher genetic diversity from the Gransden ecotype. A possible 
explanation for this pattern is that spores from P. patens may be distributed rather by birds than by 
other means. Therefore a close genetic distance can also be found in geographically distant accessions. 
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6.4 Publication 4 
In my fourth publication I could show that the microarray expression data from the Gransden ecotype 
can be used to predict expression strength across ecotypes. We tested an endogenous promoter of 
the lhcsr1 gene which showed a high expression across most developmental stages in the Gransden 
ecotype microarray data. In Reute we also find a high expression in most of the tissues. These 
experiments also showed that Reute can be as easily transformed as Gransden. As part of this 
publication I developed a plate reader measurement system that allows fluorescence measurement of 
living protoplasts, which in our case contained transiently transformed promoter-reporter gene 
constructs. With this system I not only compared the expression strength of the two commonly used 
promoters 2x 35S and the rice actin1 with the endogenous lhcsr1 promoter but also tested lhcsr1 
promoter fragments for their activity as compared to the full length lhcsr1 promoter. Additionally we 
analysed the codon usage bias in P. patens and added GFP variants with adapted codons to our 
analysis. I show that a higher expression level in P. patens can be achieved by codon optimization and 
thereby provide a GFP variant showing higher in vivo signal intensities. These results will be especially 
useful for biotechnological applications where high expression levels are important to achieve high 
protein yields. 
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7 Concluding remarks 
In my thesis I could show that the Physcomitrella patens ecotype from Reute is a versatile tool for 
molecular biology and shows a high fertility. It is therefore especially suited for studies concerned with 
sporophyte development and is genetically closer to the commonly used ecotype Gransden than the 
Villersexel K3 ecotype. I further could show that transient transformation is possible in the Reute 
ecotype. The experiments indicate that expression data from one ecotype can be used as proxy for the 
expression strength in another ecotype by calculating the expression strength based on expression 
data covering a broad range of tissues and treatments. Further my thesis contains data on applied 
codon-usage optimization in Physcomitrella patens and shows the feasibility of gene expression 
optimization by using a suitable promoter and codon usage combination. My work resulted in the 
creation of a codon-optimized GFP version that is available to the moss community. 
In summary the findings from my publications characterize the P. patens ecotype Reute and 
demonstrate that it will be a useful tool in reverse genetic studies. 
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